Introduction
Human activities influence the natural environment on both global and regional scales. This influence has the greatest potential to cause severe natural resource degradation and food security issues in environmentally vulnerable regions, such as drylands [1] . Characterized by a lack of water, drylands ecosystems are mainly supported by irrigation, therefore are highly sensitive and fragile to human activities, climate changes, and their interactions [2] . Due to the rapid growth of population and climate change, rain-fed agriculture meets a new challenge to increase the world's food production [3] . Consequently, irrigated agriculture field, particularly in drylands has been expanded dramatically during the past several decades [4] . The intense irrigation activities result in a number of Figure 1 . Study domain. The spatial pattern of climatological (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) precipitation (mm year −1 ). The data are from TRMM monthly retrievals (version 3B43; 0.25° × 0.25°). Two of the blue lines represent two major rivers in the ASB, which generally includes the area to the east of 56°E in the study domain. Light-yellow color indicates the desert areas, defined as areas where annual precipitation is less than 250 mm. The two black arrows denote the direction of the river flow.
The long-lasting and intense irrigation activities in the ASB caused severe ecological and socioeconomic issues. The runoff of the Amu Darya and the Syr Darya decreased by about 90% largely due to irrigation activities from 1960 to 2010 [10] . The dramatic decrease in runoff resulted in an environmental disaster-the desertification of the Aral Sea [5] . The Aral Sea is an inland lake and fed by the Amu Darya and Syr Darya, which used to be the world's fourth largest saline lake in 1960. However, due to irrigation activities, its surface area decreased from 68,000 to 11,000 km 2 , volume decreased from 1093 to 73 km 3 , and salinity increased from 10 to around 130 g L −1 during 1960 to 2015 [10] .
The desertification of the Aral Sea caused loose sand particles to accumulate on the lake bed and expose to the air and favors dust storms. These dust storms not only degraded air quality, visibility, and human health, but also resulted in the salinization of soil when sand particles deposit onto land in the downwind areas because of the high content of salt [8] . The decreasing water storage in the Aral Sea and consequent increasing salinity caused loss of fishery and endanger wild animals [11] . (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) precipitation (mm year −1 ). The data are from TRMM monthly retrievals (version 3B43; 0.25 • × 0.25 • ). Two of the blue lines represent two major rivers in the ASB, which generally includes the area to the east of 56 • E in the study domain. Light-yellow color indicates the desert areas, defined as areas where annual precipitation is less than 250 mm. The two black arrows denote the direction of the river flow.
The desertification of the Aral Sea caused loose sand particles to accumulate on the lake bed and expose to the air and favors dust storms. These dust storms not only degraded air quality, visibility, and human health, but also resulted in the salinization of soil when sand particles deposit onto land in the downwind areas because of the high content of salt [8] . The decreasing water storage in the Aral Sea and consequent increasing salinity caused loss of fishery and endanger wild animals [11] .
Given the widespread impacts of irrigation activities in the ASB, isolated and sparse surface station observations can hardly monitor the irrigation-induced environmental changes. On the other hand, satellites provide long-term (i.e., decadal) and continuous observations of the atmosphere and land on the global scale, which can be used to analyze the long-term trends of irrigation-induced environmental changes in the ASB. This is particularly true after year 2000, when the launch of GRACE (Gravity Recovery and Climate Experiment) and MODIS (MODerate resolution Imaging Spectroradiometers) made it possible to investigate the changes in land water, land use, and dust storms [12] . Most of previous studies addressed the changes in water storage or water surface area of the Aral Sea using limited surface observations (e.g., [10, 13] ) or investigated the hydrological and environmental changes separately using single satellite observations (e.g., [14] [15] [16] [17] ). This study quantified the long-term trends of hydrological changes of the Aral Sea based on multiple satellite observations and comprehensively analyzed the coupled spatial patterns among the human irrigation-induced hydrological, environmental, and climatic changes. Moreover, possible biases in satellite retrievals due to the neglect of the shrinking Aral Sea-induced surface albedo changes were also identified.
Data and Methods

MODIS NDVI
MODIS aboard the Terra and Aqua satellites measures Earth reflectance in 36 spectral bands between 0.405 and 14.385 µm wavelength, with a swath of about 2330 km wide. The wide swath enables MODIS cover the entire globe within one day. Based on the measured reflectance, many features of the atmosphere and Earth surface can be retrieved. MODIS products used in this study include: The Normalized Difference Vegetation Index (NDVI), Aerosol Optical Depth (AOD), and land surface temperature. NDVI was employed to differentiate water body from land surface as well as represent the vegetation status. In this study, MODIS collection 6 NDVI data at the spatial resolution of 250 m (MOD13Q1) and 0.05 • (MOD13C2) were used. The threshold of NDVI for distinguishing between land and water varies from −0.18 to 0.0 [16] , which was determined by two peaks in the histogram of NDVI over the Aral Sea and its surrounding land area. The grid points with NDVI less than the threshold were considered as "inland water bodies" and taken into the calculation of the surface area of the Aral Sea. The surface area of the Aral Sea was calculated using the two thresholds to take into account the uncertainties (Figure 3b) . Additionally, the surface area of the Aral Sea was only calculated in summer due to the contamination of NDVI from ice and snow during the other seasons. The data period was from 2000 to 2015.
MODIS AOD
AOD is widely used to represent aerosol concentrations. MODIS has two AOD datasets: MODIS-Terra (MOD04) since 2000 and MODIS-Aqua (MYD04) since 2002. Previous studies have shown that MODIS-Aqua performs better than MODIS-Terra in retrieving AOD over land because MODIS-Terra is older and has degraded more strongly than MODIS-Aqua [18, 19] . MODIS AOD data have three spatial resolutions: 1 • × 1 • (L3), 10 × 10 km (L2), and 3 × 3 km (3K). Generally, the data with a higher spatial resolution are noisier than those with a lower resolution. Given the relatively small domain of interest in this study, AOD data with the resolution of 10 km were used as a compromise between resolution and noise. Recently, a new collection (C6) of MODIS AOD dataset is released, which has a larger global coverage and higher accuracy than C5, as a result of implementing dynamic surface reflectance, including changes in vegetation, and improved cloud screening scheme [20] . Based on the above facts, MODIS-Aqua AOD dataset of collection 6 with 10 km spatial resolution (MYD04-L2) was used in this study. The data were from 2003 to 2015. It should be noted that the CERES cloud properties are partially determined by MODIS measurements.
GRACE
GRACE measures the variations in Earth's gravity field [22] , which can represent the changes in terrestrial water storage, ocean currents, and so on. Here the variation in GRACE liquid water equivalent thickness (LWET) was used to indicate the changes in surface and ground water due to irrigation activities. The GRACE data of version release-05 were retrieved based on the Mascon solutions from the Center for Space Research [23] spanning from 2002 to 2014 at a spatial resolution of 0.5 • × 0.5 • . Note that GRACE can only retrieve the anomaly of LWET instead of its absolute value.
Other Satellite Retrievals
The Tropical Rain-fall Measuring Mission (TRMM) (0.25 • × 0.25 • ) monthly 3B43 (version 7) precipitation datasets were employed [24] . This product combines multiple independent satellite precipitation estimates and Global Precipitation Climatology Centre rain gauge analysis. The European Space Agency (ESA) Climate Change Initiative (CCI) soil moisture data were also used to characterize the soil status in the depth of 0.5 to 2.0 cm. The ESA CCI soil moisture data were retrieved based on active and passive microwave sensors [25, 26] . In this study, monthly soil moisture of version 2. 
Statistical Method
The least squares linear trends were calculated and the significance of trends were evaluated using the two-tailed Student's t-test. All the linear trends in Figures 2, 4 , and 5 are calculated using annual mean values without considering the seasonal variations. One exception is the linear trends in Supplementary Figure 1 , which used seasonal averaged values to show the seasonality of AOD trends. The NCAR (the National Center for Atmospheric Research) Command Language was used to calculate the linear trends and significance level as well as make all the plots.
Results
The Shrinking Aral Sea
The hydrological impacts of irrigation on the redistribution of surface and ground water in the ASB were evaluated using GRACE data. Figure 2a shows the spatial patterns of the linear trends of LWET based on yearly GRACE data from 2003 to 2014. Decreasing trends of LWET were observed in most areas of the study domain except the upstream region of the Amu Darya River basin and a small area in the northeast of the domain. The significant increasing trends of LWET in the upstream of the Amu Darya River basin can be mainly attributed to diverting water from the Amu Darya River into cotton fields in northeast Turkmenistan and southeast Uzbekistan. On the contrary, decreasing trends of LWET were seen in downstream of the Amu Darya River, especially in the Aral Sea, which was largely attributed to a reduced inflow from its largest feeding river-the Amu Darya River [8] . Figure 2b shows the inter-annual variability of area-averaged water volume anomaly from GRACE and precipitation from TRMM over various regions. The water volume anomaly increased from −100 km 3 to about 60 km 3 in the upstream regions from 2002 to 2014, while, in the downstream region, it decreased monotonically from around 60 to −230 km 3 . In the whole region, the water volume anomaly displayed a large inter-annual variability, but overall it showed a significant decreasing trend. The decreasing trend in the whole region cannot be attributed to precipitation changes because precipitation did not display a significant trend in this region (green line in Figure 2b ). Possible reasons for the decreasing water volume were the increasing evapotranspiration due to inefficient irrigation system in the upstream region [17] and decreasing snowfall fraction and retreating glaciers from the Tian Shan Mountains [27] . Wei and Dirmeyer [28] also showed that, in such a dry region, the irrigation caused water loss through evapotranspiration is usually much larger than irrigation caused precipitation increase, resulting in net water deficit in the region.
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LST Trend
The irrigation-induced desertification of the Aral Sea has great impacts on LST. Figure 4 shows the linear trends of LST from 2003 to 2015. The daytime LST increased with a magnitude of about 1 °C year -1 (Figure 4a) , which is consistent with previous studies [30] . The area with increasing LST in SEAS overlapped with the desertification area of the Aral Sea. The physical mechanism responsible for the increasing daytime LST is that land surface has a smaller heat capacity and less evaporative cooling than water body during the day. On the contrary, the nighttime LST displayed 
The irrigation-induced desertification of the Aral Sea has great impacts on LST. (Figure 4a) , which is consistent with previous studies [30] . The area with increasing LST in SEAS overlapped with the desertification area of the Aral Sea. The physical mechanism responsible for the increasing daytime LST is that land surface has a smaller heat capacity and less evaporative cooling than water body during the day. On the contrary, the nighttime LST displayed decreasing trends due to the smaller heat capacity of land than water, with a magnitude of about 0.5 • year -1 (Figure 4b ). The daily LST (i.e., arithmetic mean of daytime and nighttime LST) showed net increasing trends with a magnitude of 0.3 • to 0.5 • year -1 ( Figure 4c) . As a result, the diurnal temperature range (DTR; daytime minus nighttime LST) increased by more than 1 • C year -1 (Figure 4d) . It is worth noting that the warming in the Aral Sea was not observed in its surrounding regions, indicating that greenhouse gases-induced climate change had little contribution to this warming in the Aral Sea. The increase in daytime LST can strengthen the vertical diffusion in the lower boundary layer, which benefits the vertical transport of particular matter, such as mineral dust particles as discussed in the following paragraph.
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AOD Trend
One direct consequence of desertification of the Aral Sea is the formation of dust storms. Figure  5a demonstrates the linear trends of AOD from 2003 to 2015. Increasing trends of AOD were detected in most areas of the study domain. The largest magnitude of the increasing trends was over the Aral Sea with a value of 0.04 AOD year -1 , followed by a trend of 0.03 AOD year in the areas between the Aral Sea and the Caspian Sea. The increasing AOD trends can be attributed to two 
One direct consequence of desertification of the Aral Sea is the formation of dust storms. Figure 5a demonstrates the linear trends of AOD from 2003 to 2015. Increasing trends of AOD were detected in most areas of the study domain. The largest magnitude of the increasing trends was over the Aral Sea with a value of 0.04 AOD year -1 , followed by a trend of 0.03 AOD year in the areas between the Aral Sea and the Caspian Sea. The increasing AOD trends can be attributed to two factors: (1) the exposure of the loose sand at the bottom of the Aral Sea to the air can cause severe dust storms under strong wind conditions; and (2) the surface warming during the daytime tends to increase the instability of the planetary boundary layer, which in turn benefited the formation of dust storms and the vertical transport of dust particles. One interesting phenomenon in Figure 5a is that increasing AOD trends were mainly in the downstream of the Amu Darya River basin and no significant AOD trend was found in the upstream region. This feature of the spatial pattern of AOD trends was very similar to the pattern of LWET trends in Figure 2a . One possible reason is that irrigation can result in the greening of the upstream region of the Amu Darya River basin (Figure 5d ), which in turn prevents the dust emission. The AOD trends showed strong seasonal variations, as seen in Figure S1 . The strongest AOD trends were observed in summer, followed by spring and fall, and the trends were weaker and less widespread in winter.
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dust storms under strong wind conditions; and (2) the surface warming during the daytime tends to increase the instability of the planetary boundary layer, which in turn benefited the formation of dust storms and the vertical transport of dust particles. One interesting phenomenon in Figure 5a is that increasing AOD trends were mainly in the downstream of the Amu Darya River basin and no significant AOD trend was found in the upstream region. This feature of the spatial pattern of AOD trends was very similar to the pattern of LWET trends in Figure 2a . One possible reason is that irrigation can result in the greening of the upstream region of the Amu Darya River basin (Figure 5d ), which in turn prevents the dust emission. The AOD trends showed strong seasonal variations, as seen in Figure S1 . The strongest AOD trends were observed in summer, followed by spring and fall, and the trends were weaker and less widespread in winter. 
Other Climate Trends
Besides the changes in land cover, other changes in climate can also influence mineral dust emissions. 
Besides the changes in land cover, other changes in climate can also influence mineral dust emissions. Figure 5b -e shows the trends of precipitation, cloud area fraction, soil moisture, and NDVI from 2003 to 2015 except for soil moisture that spans 2002 to 2014. The precipitation displayed significant drying trends with magnitudes from 0.02 to 0.05 mm day −1 year −1 in most parts of the domain (Figure 5b ). The spatial patterns of the decreasing precipitation trends were similar to AOD patterns, indicating that precipitation played an important role in modulating dust concentrations. Precipitation can prevent dust emissions by changing land surface properties (e.g., soil moisture and NDVI) and reduce dust concentrations by wet scavenging. The cloud area fraction showed consistent pattern of decreasing trends to the precipitation to the west and northwest of the Aral Sea but increasing trends in the Aral Sea (Figure 5c ). It should be pointed out that the increasing trends of both precipitation and cloud area fraction over the Aral Sea in TRMM and CERES data were opposite to surface observed decreasing trends of precipitation [10] and clouds ( Figure S2 ). One reason for the opposite trends is the possible biases in satellite retrievals due the neglect of the shrinking Aral Sea-induced surface albedo changes, which was fixed instead of using dynamic values in the retrieval methods of TRMM precipitation and CERES cloud fraction. If this is true, the decreasing cloud fraction should have some impact on the increasing daytime and decreasing nighttime temperature over the Aral Sea (Figure 4) . Figure 5d ,e illustrates the trends of soil moisture and NDVI. Soil moisture decreased in most parts of the domain with a maximum magnitude of 5 × 10 −3 m 3 m −3 year −1 in the area between the Aral Sea and the Caspian Sea (Figure 5d ). Similar to the pattern of soil moisture trends, NDVI showed decreasing trends from 2 × 10 −3 to 5 × 10 −3 NDVI year −1 (Figure 5e ), but the significant area was smaller than that of soil moisture. One interesting phenomena is that the significant decreasing trends of precipitation collocated with the significant increasing trends of NDVI in a small area of 58.5 • E-60 • E and 42.5 • N-43.5 • N. The increasing NDVI in this area was dominated by very intense irrigation activities [14] , therefore was not correlated with precipitation. The spatial patterns in Figure 5b -e showed very high similarities, indicating a strong coupled relationship among precipitation, clouds, soil moisture, and NDVI in the ASB, which together strengthened dust emissions.
Discussion
The Aral Sea crisis is a serious threaten to both environment and human lives in the ASB. The aforementioned studies mainly focused on the hydrological impacts of the shrinking Aral Sea. Here we highlight the associated climatic and environmental impacts, such as changes in surface temperature, precipitation, cloud, soil moisture, vegetation, and so on. One of the most critical environmental issue is the increasing sand storms in this region, which is characterized by satellite retrieved aerosol optical depth. The salts, sands, and dust originated from the Aralkum Desert contain poisoned pollutants due to excessive use of pesticides and fertilizers from farming [31] and heavy metals from weapon tests in the former Soviet Union [32, 33] . Tons of these pollutants can be transported thousands of kilometers away from the Aralkum Desert and the surrounding regions in the ASB to Himalayan, the Antarctic continent, Greenland's glaciers, Norway's forests, and Byelorussia's fields [11, 34] and thus adversely influence the vegetation growth and health of human beings [35, 36] . Therefore, in the future, it is important to monitor the dust and sand storm activities in the ASB using satellite retrievals, given the large spatial and frequent time coverage of satellite data. Moreover, high-resolution climate model simulation is another efficient way to study the genesis, transport, and deposition of dust and sand storms and to improve our understanding of their climatic impacts [37] [38] [39] [40] . It is worth mentioning that the Silk Road Economic Belt and the 21st Century Maritime Silk Road program proposed by China in 2013 will increase human activities and may result in more environmental challenges in the ASB [41, 42] . Overall, the ASB has been experiencing substantial environmental changes and facing severe environmental crisis, thus warranting urgent and greater efforts to address these issues.
Conclusions
Based on multiple satellite datasets, this study addressed human irrigation-induced hydrological changes in the ASB with a special focus on the resultant shrinking of the Aral Sea. Moreover, the trends of land surface properties (soil moisture and NDVI) and aerosol concentrations were studied. We found that the anomaly of land water storage has been increasing at a rate of 13 km 3 year −1 in the upstream region of the Amu Darya River, but decreasing at a rate of 27 km 3 year −1 in the downstream region due to irrigation that diverted water from the upstream of the Amu Darya River to crop land in desert, which substantially reduced the inflow of the Aral Sea [8] . As a result, the area of the Aral Sea has decreased by two thirds and the anomaly of water volume of the Aral Sea decreased from 20 to −50 km 3 during the past decade. Even worse, in recent years, the eastern part of the South Aral Sea has dried up, exposing the lake bottom of sand and dust to the air and forming a new desertthe Aralkum Desert. Due to land surface change, the surface temperature of the Aralkum Desert increased by up to 1 • C in daytime and decreased by 0.5 • C in nighttime compared to the original Aral Sea surface, which consequently enlarged the diurnal temperature range. All the trends computed in this study and the associated relationship among them are summarized in Figure 6 .
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